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Premature failures associated with microstructural degradation, i.e. white etching cracks (WECS), are becoming 
commonplace as applications are requiring tribological components to operate under extreme conditions. 
Although the specific drivers of WECs are still debated, the failures are often found in applications where cyclic 
loading is combined with added energy from stressors such as slip, impacts, or stray current. The aim of the 
current work is to elucidate effect that variable current has on premature failure. Numerous commercially 


available lubricants were tested, and both lubricant base oil type and additive package were found to have an 


effect on WEC failure time. 


1. Introduction 


The formation of premature, fatigue-based, failures characterized by 
broad branching cracks adjacent to local regions of microstructurally 
altered steel, sometimes referred to as “white etching cracks” (WECs), 
has been the focus of significant industrial and academic attention over 
the past decades [1-10]. WECs have been documented in numerous 
applications including automotive alternator bearings, hydrogen 
compressor bearings, marine pod drive bearing, aircraft turbine bear- 
ings, and wind turbine (WT) drivetrain bearings [1,11—19]. In each of 
the applications, the end morphology of the failure is similar, i.e. 
branching crack networks with nano-grained microstructural alter- 
ations. However, the specific drivers of these failures can vary drasti- 
cally with application [4,5,20-22]. Regardless of the application specific 
macroscale drivers, at a fundamental level, two events are required for 
the formation of a WEC. The formation of a crack within a tribological 
component, and the localization of energy leading to microstructural 
alterations, e.g. white etching areas (WEA), within the same region as 
the cracking. Also, it should be noted that the fundamental drivers of 
these two events could be, and are likely, different. For example, the 
initiation of a crack could be due to either classical fatigue, while the 
localization of energy adjacent to the crack face could be due to fric- 
tional energy release from the crack or the contact during operation with 
a large level of slip. As another example, crack initiation could be due to 
impact loading, while the formation of WEA could be due to hydrogen 
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enhanced local plasticity caused by lubricant contamination or degra- 
dation [4,5,20,21]. The observation that multiple application level 
drivers, and therefore variable bearing contact conditions, likely facili- 
tate the formation of WECs could explain why WECs often form in 
components that undergo relatively uneven operational conditions 
[4,20-22]. 

WEC failures within WT drivetrain bearings are of particular concern 
due the prevalence of the failure mode and cost associated with 
component replacement [1,23,24]. Moreover, until very recently, the 
specific contact conditions experienced by the tribological components 
within the drivetrain of WTs were unknown. This lack of knowledge as 
to specific contact conditions significantly inhibited both the under- 
standing of the fundamental drivers of WECs in wind, as well as the 
implementation of mitigation techniques. However, thanks to recent 
research conducted by groups such as The National Renewable Energy 
Laboratory, SKF, and others, many of the bearing contact conditions up- 
tower have been elucidated. The bearings of wind turbines were docu- 
mented to undergo numerous off-normal running conditions including 
impact loading resulting in stresses up to 3.5GPa [1,25], instances of 
slide-to-roll ratios of over 100% caused by under loading and rapid ac- 
celerations [26-30], lubricant contamination, and levels of stray elec- 
trical current averaging around 100 mA and peaking at above 1 A [27]. 
Numerous studies have been published which illustrate that many of 
these contact conditions can lead to the formation of WECs. These 
studies include: the effect of steel and inclusion microstructure [31-33], 
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the effect of sliding [34-37], and the effect of lubricant composition 
[36,38,39]. However, little research exists regarding how the small 
levels of electrical current documented within WTs could facilitate WEC 
failures within applicable lubricants and testing conditions. 

Generally, when electrical current within a tribological contact is 
discussed, it is in regards to surface damage modes such as fluting. 
Fluting is a failure mode cause by significant voltage differences be- 
tween surfaces. As charge builds, an arc occurs between the two con- 
tacting surfaces leading to material vaporization at the points of arcing. 
Within WTs this was often observed at the bearings of the generator, 
however, the use of electrically insulating coatings, or hybrid bearings 
aided in mitigating this failure mode [1]. Because the bearings removed 
from WT gearboxes show no signs of this failure, electrical induced 
damage has been largely disregarded as a primary driver of WEC fail- 
ures. However, this does not imply that the levels of current documented 
in the field have no effect on premature failures. In fact, stray electrical 
current was documented as the primary driver of WEC failures within 
automotive alternator bearings. Nonetheless, the voltage and current 
levels documented in automotive alternator bearings are significantly 
different than those of WT gearboxes. For example, Prashad found a 
voltage difference of 6-20 V at a 30 A load for certain alternator designs 
[40], which is significantly higher than measured values up tower [27]. 
Because of this variance in operational conditions, it remains unknown if 
the current levels documented up tower in WT are significant enough to 
facilitate the formation of electrically induced fatigue failures and 
microstructural alterations. 

There are several hypotheses as to how electrical current could affect 
the formation of premature failures in bearings. First, it has been sug- 
gested that the presence of current within the steel can cause heating at 
carbides due to significant variances in electrical conductivity. It is 
proposed that this local heating significantly accelerates microstructural 
damage, allowing for the formation of microstructural alterations in 
these regions, and the eventual formation of WECs [41,42]. However, it 
is worth noting that this hypothesis has since been refuted due to the fact 
that the magnitude of the mechanical stress caused by heating was not 
sufficient to cause degradation [43]. Secondly, the presence of electrical 
current may lead to enhanced local plasticity within the steel, easing 
crack initiation and the formation of microstructural alterations. This 
enhanced plasticity could be derived from multiple drivers. Firstly, the 
presence of electrical current in combination with combined stresses 
could increase point defect motion, thereby facilitating dislocation 
mobility [44-46]. This can lead to dislocation accumulation in a local- 
ized area, potentially around a stress concentrator, leading to higher 
plasticity, thereby easing crack initiation. After the crack has been 
initiated, the surround region undergoes a significant microstructural 
alterations resulting in WEA. This potential driver of WECs is strikingly 
similar to that which was proposed by Gould and Greco in 2016 [35]. 
However, instead of combined lubricant and frictional effects enhancing 
dislocation motion, it is electrical current. A second, more commonly 
discussed, way in which electrical current could drive plasticity, and 
thereby WECs, is through lubricant affects. Specifically, this could be 
through accelerated degradation of the base fluid or the additives 
leading to free radical hydrogen and embrittlement of steel, or through 
complex interactions with polar molecules within the lubricant leading 
to adverse performance [15,47]. 

There has been some recent research that targeted the effect of 
electrical current on the formation of WEC failures [48,49]. This 
research found that small currents (<25 mA), in combination with 
specific lubricant formulations, could accelerate the formation of WECs. 
However, it should be stated that these experiments utilized an auto- 
motive oil, with a specific lubricant chemistry and viscosity drastically 
different than that which is used in wind turbine gearboxes. Moreover, 
this lubricant has been found to accelerate the formation of WECs 
without the presence of electrical current [34,37,38,50]. Therefore, the 
effect of electrical current is somewhat convoluted with additional 
lubricant effects, meaning that the effect of electrical current in 
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conjunction with representative WT lubricants remains unknown. The 
aim of the current paper is to study the effect of electrical current, at 
levels representative of wind turbine operation, on the formation of 
WEC failures using wind turbine lubricants. Both lubricant formulation 
and current level are studied within this paper. 


2. Methods 


All testing was performed on a customized PCS Instruments Micro 
Pitting Rig (MPR) shown in Fig. 1. The MPR utilizes a three-ring-on- 
roller, splash-lubricated, line contact that allows for testing at user 
specified conditions. Operational conditions such normal load, slide-to- 
roll ratio, lubricant temperature, and rolling speed can be varied. The 
specific MPR used in this work was retrofitted to apply an electrical 
current across one of the three contacts. A schematic showing the 
electrical connection can be seen in Fig. 1. The shaft on the door of the 
testing chamber was custom machined to mount to a slip ring, as shown 
in Fig. 1A. Moreover, a blade was machined into the end of the shaft that 
engages the roller, and a slot was machined into each test roller, as 
shown in Fig. 2. This was done to ensure positive engagement and 
facilitate electrical connection with minimal resistance. A second slip 
ring was mounted to the driveshaft of the lower right ring, as shown in 
Fig. 1B. These two slip rings were connected to a source capable of 
supplying a specified current with an open-circuit voltage limited to 3 V. 
All testing within the current paper was performed using direct current 
(DC). The data was acquired by a computer using DASYLAB software. 
The static resistance of the system was measured at 1.6 Ohms. 

The central 12 mm diameter roller has a 1 mm wide wear track that 
comes into contact with each of the three 54 mm diameter rings. An 
accelerometer is used to measure the vibration of the top ring 
throughout the experiment, to monitor the generation of surface damage 
in the form of pits. All experiments were ran until either a significant 
increase in surface damage was detected, i.e. a macro-pit, or the speci- 
fied run-out limit of 300 million contact cycles was reached. All exper- 
iments utilized AISI 52100 through-hardened rollers and rings with 
measured hardness’s of 60 and 63HRC respectively. All experiments 
were subject to a one hour run in at 2 m/s, 2.0 GPa, —5%SRR. 

Two studies were conducted in this work. The first study consisted of 
14 experiments that systematically varied input electrical current from 
0 mA to 750 mA DC. This testing was done using a single commercially 
available wind turbine gear oil. The second study consisted of 12 ex- 
periments which utilized five additional lubricants under constant 
electrical conditions, of 250 mA, to study the effect that lubricant has on 
failure generation. One repeat test was performed at all of the conditions 
studied in the current work. While numerous repeat tests would obvi- 
ously be beneficial to understanding the true distribution of component 
life, the authors believe that the results derived from the current work 
are compelling enough to be presented. 

Six different commercially available lubricants were used in the 
current work. Five of these six lubricants are fully formulated WT gear 
oils, four of which had a polyalphaolefin (PAO) base oil and one with a 
polyalkylene glycol (PAG) base oil. The sixth lubricant is a per- 
fluoropolyether (PFPE) base fluid that was used to study the funda- 
mental drivers behind WEC failures. Each of the lubricants was tested for 
both dielectric constant using ASTM D924 (annex) and water content 
using Karl Fischer titration (ASTM D6304). These six lubricants pose 
varied properties, such as: as base fluid type, pressure viscosity coeffi- 
cient, and viscosity grade. In order to maintain a constant lubricant film 
thickness (hmin) of approximately 140 nm during the experiments, the 
rolling speed for each lubricant was adjusted based on the film thickness 
calculation using a modified Dowson Hamrock equation for line con- 
tacts, as shown in Eqn.1. Within this equation U is a dimensionless speed 
parameter, G is a dimensionless materials parameter, W is a dimen- 
sionless load parameter, and Rr is a reduced compound radii parameter, 
for additional details as to this equation see [51]. Using this film 
thickness, lambda ratios of approximately 0.3 pre-run in, and 
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Fig. 1. A schematic showing a cut away view of the MPR test chamber and illustrating the path of current flow through the contact. A and B show the two slip rings 


that have been added to the MPR assembly to allow for the electrical testing. 


(a) 


Fig. 2. Photographs showing the custom machining done to ensure positive engagement between the test specimen and the door shaft. Central test roller, shown on 
the left in A, was machined to contain a keyway, and the MPR door shaft is retrofitted to contain a key, as shown on the right side of A and in B. 


approximately 0.6 post-run in can be calculated, where lambda is equal 
to the film thickness over the composite roughness of the surfaces in 
contact. Table 1 summarizes the lubricant characteristics for each fluid 
tests. The specific conditions for each experiment conducted in the 
current work is shown in Table 2. It should be explicitly stated that 


Table 1 

Information for each of the six lubricants that are used in the current work. 
Lubricants 1-5 are fully formulated commercially available wind turbine lu- 
bricants. Lubricant 6 is a special perfluoropolyether lubricant with no additives. 


Lubricant Base Fluid Viscosity Dielectric Water Content 
# Type Grade Constant (PPM) 

1 PAO 220 2.17 461 

2 PAO 320 2.30 120 

3 PAO 150 2.21 180 

4 PAO 220 2.16 39 

5 PAG 320 4.20 1211 

6 PFPE 100 2.25 11 


although only one lubricant is specifically tested at 0 mA under identical 
contact conditions within the current work (Experiments 1 and 2). These 
commercially available WT lubricants have been tested strenuously at 
numerous other contact conditions very similar to those presented in the 
current work [33,52]. Moreover, none of these lubricant have poten- 
tially harmful additive combinations which would cause them to be 
classified as “bad-reference” or “low-reference” oils. Because of this, it is 
safe to assume that none of the lubricants presented within the current 
work would result the formation of WECs in cases were electrical current 
was not present. 


hmin = 2.65+U°7 «G24. W70. R, (1) 


After testing was completed the central roller was sectioned via a 
slow speed cubic boron nitride saw and mounted in a Bakelite puck. The 
samples were then polished using a series of 220 grit grinding, followed 
by 9 um, 3 um, and 1 um diamond polishing slurry. The samples were 
then etched with a 4% w.t. nitric acid in ethanol solution to reveal any 
microstructural alterations. All samples were investigated at a minimum 
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Summary of the testing procedures and results for each of the 24 experiments performed in the current work. Experiments 1 — 14 comprise a study on the effect of 
current level on failure rate. Experiments 9,10, and 15-24 constitute a study of the effect of lubricant formulation on electrical induced failure rate. All experiments 
were conducted at a temperature of 100 °C, a slide-to-roll ratio of —30%, where the central roller is moving faster than the rings, and a load of 500 N, which cor- 


responds to a maximum subsurface stress of 1.9 GPa. 


Experiment # Lubricant DC Current (mA) Rolling Speed (m/s) 
1 1 0 2.00 
2 1 0 2.00 
3 1 25 2.00 
4 1 25 2.00 
5 1 75 2.00 
6 1 75 2.00 
7 1 125 2.00 
8 1 125 2.00 
9 1 250 2.00 
10 1 250 2.00 
11 1 500 2.00 
12 1 500 2.00 
13 1 750 2.00 
14 1 750 2.00 
15 2 250 1.30 
16 2 250 1.30 
17 3 250 2.55 
18 3 250 2.55 
19 4 250 2.00 
20 4 250 2.00 
21 5 250 1.09 
22 5 250 1.09 
23 6 250 1.00 
24 6 250 1.00 


Average Traction Coefficient Contact Cycles (10°) WECs Documented? 


0.058 300 No 
0.059 300 No 
0.059 300 No 
0.060 300 No 
0.054 230 Yes 
0.056 300 Yes 
0.054 57 Yes 
0.052 42 Yes 
0.053 49 Yes 
0.054 60 Yes 
0.053 39 Yes 
0.050 41 Yes 
0.052 16 Yes 
0.052 20 Yes 
0.060 46 Yes 
0.059 42 Yes 
0.056 141 Yes 
0.057 98 Yes 
0.072 69 Yes 
0.069 54 Yes 
0.081 66 Yes 
0.085 45 Yes 
0.117 205 Yes 
0.119 125 Yes 


of six axial locations spaced approximately 100 um apart. 
3. Results 
3.1. Effect of variable electrical current on WEC failures 


Tests 1-14 studied the effect of variable DC electrical current on the 
formation of WEC failures. The number of accumulated contact cycles 
for each of the 14 tests spanning seven levels of current are shown in 
Fig. 3. Ten of these 14 experiments resulted in the formation of WECs. 
No WECs were observed in the experiments that were conducted at 0 mA 
or 25 mA, these experiments are represented by lighter grey points in 
Fig. 3. Generally, it can be stated that an increase in the applied current 
led to a decrease in time before the formation of a WEC induced macro- 
pit, with the extreme case of 750 mA case failing in under 20 million 


Applied Current (mA) 
è 
o 


(o) 50 100 150 200 250 300 
Component Life (1x106 Cycles) 


Fig. 3. A graph of the results of Experiments 1-14 which constitute a study on 
the effect DC current on WEC induce failure rate. The points that are shown in 
black resulted in the formation of WECs Experiments 1-2 and 3—4, shown in 
grey, which were ran at 0 mA and 75 mA respectively, were the only experi- 
ments that did not result in the formation of WECs before the 300 million 
contact cycle run out limit. 


contact cycles. However, this relationship does not seem to be linear 
across all of the studies voltages. A sharp drop in component life occurs 
between the test with current values of 75 mA and 125 mA. A second 
observation that can be drawn from this data is that the spread in failure 
times between repeat tests decreased significantly as the applied current 
increased. This suggests that the primary driver of failures within these 
experiments is being accelerated so significantly by increases in the 
electrical current that it completely overshadows classical fatigue 
mechanisms which would lead to a significantly larger spread in failure 
rates. Representative images showing the subsurface damage, or lack 
thereof for each current level, is shown in Fig. 4. 


3.1.1. Effect of variable electrical current on surface damage and tribofilm 
appearance 

Another interesting observation that can be drawn from Experiments 
1-14 is the effect that variable current levels have of tribofilm formation 
and surface damage. Fig. 5 shows optical images of the wear track, taken 
at the end of the test, for each of the current levels studied in Experi- 
ments 1-14. From these images, it is clear that the electrical current had 
a significant effect of the development of the tribofilm, as well as the 
forms of damage that are visible on each specimen. Fig. 5(a) shows the 
surface of Experiment 1 at the end of test. This experiment was ran with 
no current, and the test track is characterized by a robust and relatively 
uniform blue tribofilm. By comparison, Fig. 5(b), which was ran at 25 
mA, shows a drastically different appearance characterized by a 
streakier and more patching tribofilm. Interestingly neither of these 
experiments resulted in the formation of WECs before the 300 million 
cycle run out limit, suggesting that the additives within the lubricant 
could be more sensitive to small electrical currents then the failure mode 
or fatigue life. Several other optical differences in tribofilm can be 
observed within Fig. 5, for example, Fig. 5(c) shows a brown coloring 
which could be due to accelerated oxidation, and Fig. 5(d) shows 
rippling at the surface. These observation is not especially surprising, 
given the fact that variable levels of current could lead to increased 
oxidation and reduction reactions, or the activation or suppression of 
specific lubricant additives, especially those that are polar. Moreover, 
the effects that electricity has on these additives is very likely non-linear. 
Meaning that increasing current, doesn’t always mean more or less 
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Fig. 4. Subsurface optical micrographs showing the characteristic damage, or lack thereof, that was observed within the study of variable electric current on WEC 
failures. (a)-(g) correspond to 0 mA, 25 mA, 75 mA, 125 mA, 250 mA, 500 mA, and 750 mA respectively. (a) and (b) were taken at a lower magnification as the other 


images to illustrate the lack of subsurface cracking or microstructural alterations. 


activation from a specific additive. These electrotribochemical effects 
are discussed in detail within [47]. Another observation that can be 
drawn from Fig. 5 is that variances in modes of surface damage visible as 
applied increases. Specifically, Fig. 5(f) and (g) show signs of fluting 
damage characterized by small circular regions of vaporized material. 


3.2. Effect of variable lubricant composition on WEC formation 
Experiments 8, 9, and 15-24 are used for investigating how gear oil 


composition could affect the formation of WECs. These experiments 
maintain a constant current level of 250 mA. The only test condition that 


was varied in these experiments was rolling speed, this was systemati- 
cally attuned in an effort to maintain a constant film thickness between 
the tested lubricants. The time-to-failure results for these 12 experi- 
ments are shown in Fig. 6. In this figure, the bars represent the average 
time to macro-pitting failure for each lubricant and the points represent 
specific experiment failure times. Additionally, the color of the bars 
corresponds to the base fluid type for each lubricant. This data shows 
strong variance in failure rate depending on lubricant used. Both lu- 
bricants 3 and 6 show drastic increases in time before a macro-pitting 
failure occurs, compared to the other four lubricants. However, it is 
important to note that all of the tested lubricants succumbed to WEC 


B. Gould et al. 


aars cy eee nace aie 


International Journal of Fatigue 145 (2021) 106078 


Fig. 5. Optical images showing the characteristic surfaces of the tests performed under variable current within Experiments 1-14. All of the above experiments 
utilized the same lubricant, and show drastically different tribofilm characteristics as well as surface damage modes. 


induced failures before the 300 million contact cycles run out limit. 
Moreover, similarly to the variable current study, a decrease in test 
spread was documented as component life decreased. One hypothesis for 
this variance in pitting life that should be examined is the thought that 
the rate of failure could be largely determined by the resulting frictional 
coefficient of the lubricant, i.e. higher friction leads to an increase in 
damage rate. By comparing Table 2 and Fig. 6 one can see that this is 
obviously not the case. The tests that utilized Lubricant 6 lasted the 
longest before failure, and had the highest average friction at 0.118. 
Therefore, it is reasonable to suggest that subsurface stressed derived 
from frictional loading were not the primary driver of the differences in 
performance observed within the lubricant study. 

The results of the lubricant study clearly show a dependence of 
failure rate on both lubricant base fluid and additive package. This 


suggest three things, first, these results show that hydrogen embrittle- 
ment cannot be the sole driver of electrically induced WECs. This is due 
to the fact that Lubricant 6, a PFPE base fluid (no hydrogen bonds) with 
minimal water concentration (11 ppm), resulted in the formation of 
WEGs. Secondly, these results imply that joule heating around inclusions 
and carbides is also likely not the primary driver of failure. This is 
because, if this were the case, variances in lubricant chemistry should 
have little to no effect. Finally, this work suggests is that it may be 
possible to formulate a lubricant to actively combat the formation of 
electrically induced WECs 
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Fig. 6. The results of Experiments 9, 10, and 15-24, which comprise a study of the effect of lubricant chemistry on the rate of electrical induced WEC failure. 
Lubricants 1-5 were fully formulated commercially available wind turbine lubricants. Lubricant 6 is a specialty PFPE fluid with no additives. In this figure the bars 
represent the average failure time for each lubricant, and the points represent individual test failure times. 


4. Discussion 
4.1. Root causes of electrically induced WECs 


As discussed in the introduction, there are several hypotheses as to 
how electrical current could facilitate the formation of WECs. The 
following section will examine the details of these hypotheses, and 
present how the data within the current paper supports or refutes them. 
The hypotheses will first be summarized for clarity. Firstly, it has been 
proposed that localized joule heating caused by discontinuities in elec- 
trical conductivity, predominantly at carbides, leads to mechanical 
stress, microstructural degradation and cracking within components. 
Secondly, it has been proposed that localized enhanced plasticity occurs 
within the steel. The root of this plasticity could be hydrogen formation 
due to the degradation of the lubricant base oil, additives, or trapped 
water via the electrical current, or the plasticity could come from the 
local accumulation and redistribution of dislocations accelerated via 
cyclical fatigue and electrical current. 

The first hypothesis that will be examined is the idea that all elec- 
trically induced WEC failures occur due to stress caused by joule heating 
around points of significant variance in electrical conductivity e.g. 
voids, carbides, and inclusions [41,42]. Again, this hypothesis was 
recently refuted, however, it is still worth investigating for consistency 
sake [43]. The magnitude of this stress has been shown to be largely 
dependent on two factors; amperage, and defect microstructure. It is 
reasonable to assume that the local defect microstructure, in terms of 
distribution and size of defects, within the samples tested is more or less 
uniform. This is because all samples came from the same batch of steel, 
and were examined via subsurface microscopy. Therefore, if electro- 
heating at defects were the only driver of WEC failures in the experi- 
ments presented in the current work, then we would expect all experi- 
ments conducted at the same current level to fail at around the same 
number of cycles. As shown Fig. 6, this is not the case. Therefore, it is 
safe to assume that joule heating is not the primary driver of failure. 
However, this does not imply that it cannot play a part in failure gen- 
eration in conjunction with other factors. This will be discussed in detail 
later. 

The second hypothesis that will be examined is that all electrical 
induced WEC failures form due to hydrogen embrittlement derived by 
lubricant degradation or water contamination. This hypothesis can be 
refuted by examining Experiments 23 and 24. These experiments uti- 
lized a PFPE lubricant without additives. This means that this lubricant 
has no potential hydrogen bonds that can be degraded, and therefore 


free radical hydrogen cannot form and lead to subsequent hydrogen 
embrittlement. The fact that WECs were observed in both of the ex- 
periments using this fluid shows that hydrogen generation from lubri- 
cant degradation cannot be the sole driver of electrical induced WECs. 
Moreover, Fig. 7 shows that there is no correlation between lubricant 
water content and failure rate. Therefore, hydrogen generation from 
water decomposition also cannot be the primary driver of failure within 
these two experiments. 

The final hypothesis that will be investigated is the possibility that 
the mechanical stresses of over-rolling, combined with electrically aided 
dislocation motion, leads to localized embrittlement around stress con- 
centrators. Given the fact that the previous hypotheses have been clearly 
refuted, it should come as no surprise that the authors believe that this is 
the primary driver of electrically induced WEC formation. Moreover, it 
is known that electrical current can facilitate the motion of point defects, 
or even atoms, in materials [44-46], this increased mobility can lower 
the activation energy required for defect motion, thereby increasing 
dislocation motion. To the author’s knowledge, the way in which this 
defect motion leads to the formation of WECs in bearings has yet to be 
presented in any public form. Therefore, given the novelty of this sug- 
gestion, a detailed explanation will be presented here. Moreover an 
illustration of the process is shown in Fig. 8, and can be used for refer- 
ence. The general hypothesis is that a runaway process occurs, driven by 
plastic deformation and dislocation accumulation. The first step in this 
process is local plastic deformation within the component caused by 
over-rolling stresses. If the load on the component is such that the 
maximum Hertzian stress is less than the yield stress, as will be the case 
for most in-service bearings, this plastic deformation will most likely 
occur around some sort of stress concentrator such as an inclusion. As 
plastic deformation occurs around this defect, heat will be released and 
additional dislocations will form. The word “additional” is used here 
because of the fact that most heat treated bearing steels, such as the AISI 
52100 used in the current work, will inherently have numerous dislo- 
cations in their subsurface, which aid in the high hardness of the ma- 
terials. The presence of these additional dislocations increases the 
plasticity of the region, not to mention the fact that electrical current can 
accelerate the rate at which point-defects i.e. dislocations, move. 
Therefore, as over-rolling occurs, and the application of electrical cur- 
rent continues, more plastic deformation will occur, and more disloca- 
tions will culminate around the stress concentrator. The key hypothesis 
here is that the plastically deformed region acts as a pseudo-trap for 
surrounding dislocations whose movement has been accelerated by the 
presence of electrical current. Moreover, as the number of dislocations 
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Fig. 7. A comparison of average time to failure for each test performed in the lubricant study to the water content in each of the lubricants as determined by Karl 
Fischer titration. All experiments were ran under constant conditions at a current load of 0.250A DC. The fact that water content shows no correlation with failure 
rate indicates that hydrogen embrittlement due to trapped water decomposition is not the primary driver of failure in these experiments. 
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Fig. 8. A diagram illustrating a method of WEC initiation based on increased local plasticity around a stress concentrator. This method relies on a continuous in- 
crease in local dislocation count driven by combined plastic deformation and electrically accelerated dislocation motion. 


and the size of the plastically deformed region increases, it will very 
likely decrease in local electrical conductivity, leading to localized 
heating, further exacerbating the problem. Eventually, the number of 
dislocations surrounding the defect, i.e. the plasticity of the region, is so 
significant that over-rolling stresses lead to the rupture of the region and 
the formation of a crack. Once this crack forms, the rate of localized 
dislocation formation is significantly accelerated due to a combination 
of the impedance of the crack itself to electrical current, as well as 
additional heat generation modes such as crack face rubbing. As the 
number of these dislocations grows they rearrange to form the lowest 
energy state, which results in the formation of new, nano-grained, cells, 
i.e. white etching area. To summarize, the proposed hypothesis requires 
an initial instance of plastic deformation, then, should the level of 
electric current, as well as the over-rolling stress, be sufficient enough to 
cause runaway dislocation generation and localization, the plasticity of 
regions surrounding defects will grow, eventually leading to cracking 
followed by white etching alterations. This hypothesis is extremely 
similar to that which was by the authors in [35]. Also, it should reiter- 
ated that this is currently a working hypothesis for electrically acceler- 
ated fatigue without evoking hydrogen. Additional analysis is needed 
before this can be proven or refuted. 


4.1.1. Compounding root causes of WECs 

The authors would like to explicitly state that the three hypotheses 
listed above are not mutually exclusive in any way. Local plasticity due 
to combined over-rolling and electrically aided dislocation motion is 
simply presented to provide an explanation as to how WEC formation 
may be facilitated without having to invoke the ever so popular driver of 
hydrogen embrittlement. Additionally, it is completely reasonable to 
assume that should the contact conditions, electrical conditions, and 
lubricant type be such that the formation of free radical hydrogen can 
occur, then, perhaps the two drivers may work in unison to initiate and 
propagate the failure. In fact, the authors believe that this may be the 
case for the hydrocarbon lubricants tested. 

The claim that hydrogen generation, or at the very least hydrocarbon 
additive type, may have played a role in conjunction with electrically 
enhanced dislocation motion for most of the non-PFPE lubricants can be 
supported by Experiments 17 and 18. These two experiments were ran 
using Lubricant 3, which is a fully formulated PAO-based oil. Moreover, 
as shown in Fig. 6, the runtime of Experiments 17 and 18 was signifi- 
cantly longer when compared to the other four hydrocarbon based lu- 
bricants (Lubricants 1, 2, 4, and 5). This suggests that something about 
additive formulation or base oil formulation of Lubricant 3 helped to 
mitigate the onset of electrically induced WECs. Perhaps the additives 
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and specific base oil chemistry used in this lubricant were less suscep- 
tible to degradation and the formation of free radical hydrogen. How- 
ever, this claim cannot currently be verified. Either way, these findings 
strongly indicate that lubricant base oil and lubricant additive compo- 
sition both have a determinative effect on rate of electrically induced 
WEC failure. 


4.2. Failure morphology 


As discussed in the results section, the lubricant used for testing has a 
significant effect on both the rate, and the morphology of the failure. 
Lubricants 1, 2, 4, and 5 all showed a classical WEC morphology, with 
strikingly similar failure times ranging from 42 million contact cycles to 
69 million contact cycles. The morphology of these failures is charac- 
terized by numerous crack networks with significant subsurface 
branching and instances of vertical propagation. However, Lubricants 3 
and 6, which showed the longest life at the constant current level of 250 
mA, both showed differences in subsurface crack morphology when 
compared to the other lubricants tested. 

The lubricants which resulted in classical WEC morphology, 1, 2, 4, 
and 5, had on average 20 WECs documented through all sectioning. 
Moreover, these WECs were significantly branched, often spanning a 
vast majority of the stressed volume both radially and axially. A char- 
acteristic subsurface image showing the extent of this broad branching 
at a low magnification is shown in Fig. 9a. This level of subsurface 
damage is strikingly similar to the failures documented by the authors in 
previous publications where specific lubricants were used to accelerate 
WEC failures [31,34,35,38]. Contrarily, an average of only 2 WECs per 
sample were documented in the entirety of sectioning for the experi- 
ments which used Lubricants 3 and 6. Moreover, the WECs documented 
within experiments using Lubricants 3 and 6 were significantly smaller 
and contained fewer branches, thereby indicating that they initiated 
relatively recently. A comparison between the branching cracks found in 
Lubricants 1, 2, 4, and 5, and Lubricants 3 and 6 is shown in Fig. 10. 

The observation that Lubricants 3 and 6 contained far fewer cracks, 
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and the cracks were significantly less branched, suggests that the 
localized stress or energy state required to initiate the WEC failures in 
Lubricants 3 and 6 was reached far less often when compared to Lu- 
bricants 1, 2, 4, and 5. This observation supports the hypothesis that the 
WECs generated in experiments using Lubricants, 1, 2, 4, and 5 may 
have had a different fundamental driver, or combination of fundamental 
drivers, when compared to Lubricants 3 and 6. This further supports the 
idea the failures generated in Lubricants 1, 2, 4, and 5, were facilitated 
due to a combination of electro-mechanical drivers, and lubricant 
drivers. While the failures in Lubricants 3 and 6 may have been only 
driven by combined stress and electrically accelerated dislocation 
motion. 


5. Conclusions 


The current work investigated the effect that variable levels of 
electrical current had on the formation of premature bearing failures 
associated with microstructural alterations, i.e. white etching cracks 
(WECs). The effect of both the magnitude of direct current and lubricant 
formulation were studied. The major conclusions are as follows. 


1. A rapid decrease in sample macro-pitting life was documented as 
applied current was varied from 0 to 750 mA within a commercially 
available wind turbine lubricant. The threshold for level of current 
needed to cause WEC formation before the 300 million contact cycle 
run out limit was found to be somewhere between 25 mA and 75 mA. 

2. The time to WEC induced macro-pitting failure at a current level of 
250 mA was compared for five commercially available wind turbine 
lubricants and one perfluoropolyether (PFPE) lubricant containing 
no additives. It was found that all six of these lubricants eventually 
succumbed to WECs, although the time to failure varied from 42 
million contact cycles to 205 million contact cycles depending on the 
lubricant formulation. Lubricant 6, the PFPE lubricant, and Lubri- 
cant 3, a commercially available fully formulated PAO based wind 
turbine lubricant, lasted more than twice as long as the other four 


1mm 


Fig. 9. A comparison of the morphology of the WEC failures found in the subsurface of different experiments. (a) shows a low magnification optical micrograph 
taken from Experiment 19; this image is characteristic of experiments using Lubricants 1, 2, 4 and 5. This image illustrates how prevalent WECs are within the 
subsurface of these experiments. Tests performed within these lubricants had, on average, 20 WECs within their subsurface. (b) shows an identically sized subsurface 
image from Experiment 23. Although WECs were observed in Experiment 23, only 2 were documented through the entirety of the sectioning process. Moreover, very 
little subsurface crack propagation or vertical cracking was documented within samples which used lubricants 3 and 6. 
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Fig. 10. Optical Micrographs showing the different morphology of WECs that were documented as lubricant composition varied. (a) and (b), which show subsurface 
images of Experiments 20 (Lubricant 4) and 21 (Lubricant 5) respectively, show classical WEC morphology characterized by broad branching crack networks entirely 
covered in WEA, and numerous instances of vertical crack propagation. (c) and (d) show subsurface images of WECs documented in Experiments 17 (Lubricant 3) and 
19 (Lubricant 6) respectively. On average, only 2 WECs were found in the subsurface of experiments conducted in these two lubricants. Moreover, the WECs 
documented in these experiments were far more localized, and showed fewer instances of branching and vertical propagation. The drastic difference in morphology 
documented here as well as the increase in component life observed for Lubricants 3 and 6 suggest that the mechanism of WEC initiation may vary with lubricant 


composition. 


lubricant studied. Based on these results, the authors conclude that 

both lubricant base oil, and lubricant additive chemistry play a role 

in mitigating electrically induced WECs. 

3. The authors propose that at least two different electrically driven 
mechanisms were competing to generate WEC failure within the 
bearing samples studied. The chemistry of the lubricant base oil and 
additive package was the determining factor on which mechanism 
dominated the failure mode. 

a. The fact that WECs were generated in a PFPE lubricant containing 
no hydrogen and minimal (11 ppm) water within the lubricant 
itself suggests that free radical hydrogen generation and subse- 
quent steel embrittlement due to lubricant decomposition is not 
the sole mechanisms of electrically induced WEC failures. The 
authors propose that failures in the PFPE lubricants were likely 
caused a combination of over-rolling stresses leading to local 
plastic deformation, as well as electricity aided dislocation mo- 
tion, facilitating an increase in local plasticity, eventually causing 
cracking. 

b. The fact that Lubricant 3, a fully formulated, PAO based, wind 
turbine (WT) lubricant, drastically outperformed Lubricants 1, 2 
and 4, which were also fully formulated PAO based WT lubricants, 
suggests that even within hydrocarbon based fluids, specific ad- 
ditive chemistries may be key to suppressing the formation of 
electrically induced WECs. 
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